Detection of anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROS1), and rearranged during transfection (RET) gene rearrangements in lung adenocarcinoma is usually performed by immunohistochemistry (IHC) screening followed by fluorescence in situ hybridization (FISH), which is an expensive and difficult technique. Ligation-dependent reverse transcription polymerase chain reaction (RT-PCR) multiplex technique can detect gene rearrangements using probes specifically hybridized to either side of the break point. PCR products are then sequenced by pyrosequencing or high throughput sequencing in order to identify the two genes involved. The reagent cost is o15 dollars per patient and results are available in 2 days. We have developed a 47-probe LD-RT-PCR kit especially for lung adenocarcinomas. Thirtynine lung adenocarcinomas were studied: 24 ALK+, 14 ROS1+, and 1 RET+. ALK+ and ROS1+ were IHC+ (D5F3 Ventana for ALK and D4D6 Cell Signaling Technology for ROS1) and all cases were FISH+ (Vysis ALK Breakapart Probe Abbott for ALK, Zytolight SPEC ROS1 Dualcolor Breakapart Probe for ROS1 and Zytolight SPEC RET Dual Color Breakapart for RET); 14 wild type samples were included as negative controls. Using LD-RT-PCR, 15 rearrangements (63%) were detected in the ALK cases (gene partner: EML4 in all cases), 9 rearrangements (64%) in the ROS1 cases (gene partners: CD74 in 8 cases and SLC34A2 in 1 case) and 1 (100%) in the single RET case (gene partner: KIF5B). No rearrangement was found in the 14 negative control cases. Negative cases using LD-RT-PCR could be explained by the fact that some partner genes were not included in our assay and therefore could not be detected. Because it is an affordable, fast, and very simple technique, we propose using LD-RT-PCR when ALK immunostaining is positive. For LD-RT-PCR-negative cases, samples should then be analyzed by FISH.
Lung cancer is a major cause of cancer worldwide in terms of incidence and mortality. 1, 2 Adenocarcinoma represents an increasing histological type of lung cancer and since 2005 is more frequent than squamous cell carcinoma. 2, 3 In recent years, driver mutations have been described in lung adenocarcinoma, involving mainly EGFR, KRAS, BRAF, ERBB2, MET, anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROS1), and rearranged during transfection (RET) genes. [4] [5] [6] [7] For the three latter, the molecular mechanism consists of a gene rearrangement leading to deregulated over expression of the fusion-gene and therefore the fusionprotein. Although ALK alterations are detected in 5% of all lung adenocarcinomas, they represent 14% in never smokers. 8 ROS and RET translocations are much rarer, involving, respectively,~1 and 2% of lung adenocarcinomas. 9 It is crucial to detect such abnormalities because they are good predictive biomarkers of response to targeted therapies such as crizotinib for ALK 10, 11 and ROS translocations. 12 Some targeted therapies seem to have a good anti-tumor effect in case of a RET translocation. 13 Detection of these molecular alterations can be challenging, especially when biopsies are very small, which is often the case with lung adenocarcinomas because they tend to be peripheral. In many centers, ALK immunohistochemistry (IHC) is performed first so as to reduce the flow of fluorescence in situ hybridization (FISH). 14 If negative, it is admitted that there is no ALK rearrangement and FISH is performed only if the patient is a non-smoker or if there is signet ring morphology. In case of positive IHC, an ALK translocation is confirmed by FISH. For ROS1, a similar twostep procedure can be performed, whereas IHC is not available for RET detection and only FISH is performed when the patient is a never smoker and no mutation or gene rearrangement is retrieved by conventional molecular analysis. FISH is quite expensive (roughly 75 € per slide), timeconsuming and can be very difficult to interpret because it is not possible to ensure that the observed cell is neoplastic. It is very sensitive to pre-analytic conditions (fixation, sample storage) and cannot identify the partner gene when using breakapart probes. In addition, specificity is not perfect. However, it allows detection of virtually all translocations (except in very rare cases) regardless of the partner gene. Conversely, fusion probes can detect a partner gene but are impractical routinely because of the multiplicity of potential partner genes. Molecular techniques are used in some centers as an alternative to FISH: conventional real-time retrotranscription polymerase chain reaction (RT-PCR) or high throughput sequencing. Although RT-PCR is unable to detect all different types of fusion transcripts, high-throughput sequencing is of limited routine use for detection of fusion transcripts, mainly because of the complexity of the bioinformatic analysis for alignment of sequences.
The ligation-dependent reverse transcription polymerase chain reaction (LD-RT-PCR) is a rapid and parsimonious technique inspired by RT-PCR technique and has been developed by the INSERM U918 research group of Henri Becquerel Cancer Center (Rouen, France). This assay is successfully used on a daily basis to classify diffuse large B-cell lymphomas 15 and acute leukemia. 16 The principle is simple ( Figure 1 ): 15, 16 total RNA from tumors are extracted from samples and then converted into complementary DNA (cDNA) using reverse transcription. Next, cDNA are incubated with oligonucleotides probes which are the ends of the exons fused on hybrid messenger RNAs (mRNAs). When a fusion transcript is present, two probes hybridize side-to-side at the aberrant cDNA junction. A DNA ligase is next added to the reaction mixture to create a covalent link between these probes, which allows their amplification by PCR using primers that correspond to their additional tails When no fusion transcript is present, amplification does not happen. The two partners and the break point are next identified using pyrosequencing analysis or high-throughput sequencing. The main advantage of this technique compared to conventional RT-PCR is that it requires only a short RNA sequence (~50 base pairs) on both sides of the break point. Therefore, it is less dependent on RNA alteration and can easily be performed on formalin-fixed paraffin-embedded (FFPE) tissues. In addition, it allows multiplex analysis and 4150 probes can be added to the same mixture. Cost is negligible (less than 15 € per patient, all inclusive) and results are rapidly obtained in 2 days on average (regardless of RNA extraction procedure).
The aim of our study was to assess this innovative technique for detection of gene fusion transcripts in lung adenocarcinoma from FFPE samples (biopsies of specimen resections) and to estimate its sensitivity and specificity.
MATERIALS AND METHODS Ethics
Ethical approval was obtained according to the agreement of the tumor biobank of Rouen University Hospital (tissue sample collection no. DC2008-689) by the institutional review board of Rouen University Hospital and the French Ministry of Scientific Research.
Patients and Tumors
Prospective cases of lung adenocarcinomas harboring ALK, ROS, or RET translocation analyzed between 01 January 2014 and 31 December 2015 in Rouen University Hospital (France) were eligible for inclusion. For ALK and ROS, both IHC and FISH were performed to detect gene rearrangement. For detection of RET translocation, only FISH was used.
When possible, data were retrieved from the patient's medical records on smoking status, as well as the prescription of a targeted therapy and its efficacy. Total RNA from tumors are extracted from samples and converted into complementary DNA (cDNA) using reverse transcription. Next, cDNA are incubated with oligonucleotide probes which are the ends of the exons fused on hybrid messenger RNAs (mRNAs). When a fusion transcript is present, two probes hybridize sideto-side at the aberrant cDNA junction. A DNA ligase is next added to the reaction mixture to create a covalent link between these probes, which allows their amplification by PCR using primers that correspond to their additional tails. When no fusion transcript is present, amplification does not happen. The two partners and the break point are next identified using pyrosequencing analysis or high throughput sequencing.
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As negative controls, we used 14 resection specimens of lung adenocarcinoma analyzed at Rouen University Hospital between the same period of time, without any mutation or rearrangement of EGFR, KRAS, ALK, ROS, or RET retrieved. FFPE cell clots obtained from NCI-H2228 cell line (ATCC) were used as a positive control for ALK translocation.
IHC
Immunoassayed slides were retrieved and re-scored by CG and JSC. For detection of ALK protein, we used the Ventana ALK (D5F3) CDx Assay, whereas ROS1 protein was detected using the ROS1 D4D6 Rabbit monoclonal antibody #3287 (Cell Signaling Technology).
For ALK and ROS detection, a four-category system was used to assess staining, regardless of the percentage of stained tumor cells: 0 = no staining, 1+: weak staining, 2+: moderate staining, 3+: strong staining. From an immunohistochemical point of view, a tumor was considered ALK positive from 2+ staining or ROS1 positive from 1+ staining, and therefore was considered for FISH analysis.
As stated above, we did not perform immunostaining for RET protein detection.
FISH
We performed FISH using breakapart probes so as to detect gene rearrangements: using Vysis ALKBreak Apart FISH Probe Kit for ALK and ZytoLight SPEC ROS1 Dual Color Break Apart Probe kit (CliniSciences) for ROS1. FISH for RET was performed using the ZytoLight SPEC RET Dual Color Break Apart Probe kit (CliniSciences). At least 100 tumor nuclei were analyzed and a case was considered as positive when the number of neoplastic nuclei with split signal or with single 3′ signal above at minimum 20% of observed neoplastic nuclei.
Exclusion Criteria Exclusion criteria are listed below:
Less than 15% of tumor cells. Weak IHC staining (1+) for ALK only, according to the manufacturer's instructions. Weak GAPDH expression.
LD-RT-PCR Assay
We developed a LD-RT-PCR assay dedicated to the detection of ALK, ROS, and RET gene fusion transcripts in lung adenocarcinoma. First, a comprehensive review of the literature was performed from PubMed, allowing the listing of all described fusion transcripts until April 2016. Finally, 43 probes were included in the kit ( Figure 2 ). In addition, two probes complementary to the housekeeping gene GAPDH were added to the kit in order to assess the quality of RNA in samples. The technique was performed according to the procedure described above in the introduction. We also assessed the RNA concentration of the samples using the Qubit RNA HS Assay kit (ThermoFisher Scientific).
In brief, serial sections of FFPE tumors were cut from a paraffin block representative of lesion and placed on glass slides: a 4-mm-thick section was stained with hematoxylin & eosin (H&E) for microscopic examination. The following section was processed for tumor RNA preparation. The microtome razor blade was changed between each FFPE tumor sample, and the paraffin sections were processed individually to avoid cross contamination. H&E preparation enabled tumor area delimitation and visual estimation of tumor cell percentage simultaneously by two pathologists (CG and JCS) using a dual-headed microscope (Leica DM 2000). The tumor area was macro-dissected on a 10-mmthick section placed on a glass slide using a single-use sterilized scalpel. RNA was extracted from this material with the Maxwell 16 LEV RNA FFPE kit (Promega). The reverse transcription was performed with the kit Superscript VILO cDNA Synthesis kit (ThermoFischer Scientific). Next, the probes were incubated with cDNA at 95°C for 2 min (denaturation) and at 60°C for 1 h (hybridization). Ligation was achieved using the Salsa MLPA kit (MRC-Holland). For PCR amplification, 5 μl of the ligation products were transferred to new tubes containing 45 μl of a PCR mix (20 μl Red'y'Star Mix (Eurogentec, Liege, Belgium); 1 μl 10 μM 5′ biotinylated primer U1 (GGGTTCCCTAAGGG TTGGA), 1 μl 10 μM primer U2 (GTGCCAGCAAGATCCAA TCTAGA) and 18 μl water). Alternatively, a biotinylated primer U2 was used together with an unmodified primer U1 to allow the characterization of the junction from the other end. The amplification was performed as follow: 6 min at 94°C; 35 cycles (30 s at 94°C, 30 s at 58°C, 30 s at 72°C); 4 min at 72°C; and cooled at 16°C. PCR products (10 μl) were analyzed on 8% acrylamide/bis-acrylamide (40/1) gels. If a PCR product was detected after migration on polyacrylamide gel, it was sequenced to identify the two partner genes using pyrosequencing, high throughput sequencing or both methods. For pyrosequencing, 20 μl were analyzed on a PyroMark Q24 platform (Qiagen, Venlo, the Netherlands) with a 15(ACTG) dispensation order following standard procedures. For high throughput sequencing, PCR products were obtained using the U1 probes with a P1 tail (P1-U1) and the U2 probes with a A tail (A-U2). Products were then purified using the Agencourt AMPure XP kit (Beckman Coulter) and analyzed with an Ion PGM System (Thermo Scientific). Sequencing results were blindly interpreted by PR and VM.
RESULTS

Patients and Tumors
ALK Thirty-seven tumors from 36 patients were initially selected as ALK-positive cases between 01 January 2014 and 31 December 2015 in our center. Among these 37 samples, 7 were initially excluded because the neoplastic tissue was completely exhausted. Then, a further six cases were excluded because GAPDH mRNA was weak. Finally, 24 cases were analyzed. Among these (Table 1) , mean age at resection or biopsy was 58 years (standard deviation = 16). The majority of samples were obtained by biopsy (16/24), whereas only eight by specimen resection. Eleven cases (46%) were from metastasis and 13 (54%) from the initial lung lesion. Twentythree lesions were diagnosed as adenocarcinoma and only one was considered as 'non-small cell lung carcinoma not otherwise specified' according to the 2015 World Health Organization classification. It is important to note that no tissue had undergone decalcification, and that there were no tumor necrosis areas. Information regarding treatment was available in only five patients: four were treated by anti-ALK targeted therapy with reported efficacy in three patients. The percentage of tumor cells was above 50% in 11 cases (46%). ALK immunostaining was strong (3+) in 16 cases (67%) ( Table 2 ). Another 'driver mutation' was retrieved in two cases, involving KRAS.
ROS1
Eighteen tumors from 17 patients were included in our study as ROS1-positive cases, but 4 were excluded because the neoplastic tissue was exhausted. Among the 14 cases from 13 patients finally analyzed (Table 3) , mean age at resection or biopsy was 54 years (standard deviation = 13). The majority of samples were obtained by specimen resection (50%) with only 23% of biopsies. One case involved a cytological sample. The large majority involved metastasis (72%, ie, 10 cases) and no tissue underwent decalcification. None of the samples contained tumor necrosis. Histological types were more diverse than for the ALK cases, with 10 adenocarcinomas, 2 'non-small cell lung carcinoma not otherwise specified', but also 1 adenosquamous carcinoma and 1 sarcomatoid carcinoma. We retrieved data on only three patients for whom therapy was available, and only one patient was successfully treated by several lines of ROS1 inhibitors (crizotinib, ceritinib, cabozantinib) and conventional chemotherapy, displaying a dissociated anti-tumor response.
ROS immunostaining was strong (3+) in 7 cases (50%) and weak (1+) in 6 cases, ie, 43% (Table 4) . In 10 cases, samples Detecting gene translocations in lung adenocarcinoma N Piton et al contained 450% of tumor cells. RNA was always considered as well-conserved as GAPDH expression was high in all cases. Contrary to the ALK cohort, we did not detect another 'driver mutation'.
RET
Only one tumor, neither decalcified nor necrotic, harboring a rearrangement of RET was included in our study (Table 5) . It was obtained from a bronchial biopsy performed in a 47-yearold woman diagnosed with a lung adenocarcinoma. To our knowledge, this patient was treated by conventional chemotherapy, radiotherapy, and immunotherapy. Tumor genotyping did not retrieve another 'driver mutation'. The sample contained between 25 and 50% of tumor cells and 80% of tumor nuclei harbored a translocation of RET at FISH examination. GAPDH expression was high and the RNA concentration of the sample was 72 ng/μl.
LD-RT-PCR
All the 14 negative controls were negative using LD-RT-PCR and in all cases, a high expression of GAPDH was detected. Conversely, the cell clot used as a positive control for ALK rearrangement was positive using LD-RT-PCR, with the ALKe20-EML4e6 transcript retrieved. It is noteworthy to mention that the detected rearrangements were mutually exclusive, that is to say that ALK-positive cases were negative for ROS1 and RET, ROS1-positive cases negative for ALK and RET, and the only RET-positive case negative for ALK and ROS1. Similarly, when a gene translocation was observed, it was unique, for example we never observed more than one translocation in positive cases.
ALK
Fifteen cases were positive using LD-RT-PCR (Table 2) , meaning that the sensitivity of our technique was calculated at 63% Cases A and N are from the same patient. A point indicates a lack of data.
Detecting gene translocations in lung adenocarcinoma N Piton et al (CI 95% (43-79%)). Conversely, specificity was 100% because all negative cases were negative using LD-RT-PCR. Eleven cases were detected both by pyrosequencing and high-throughput sequencing and for four cases, a fusion transcript was detected by pyrosequencing but this method was unable to give the precise name of the rearrangement, which was easily identified by high throughput sequencing. ALK translocation involved the EML4 gene in all cases and the most frequently retrieved fusion was ALKe20-EML4e13 (seven cases). Only ALK exon 20 was involved. Interestingly, a polysomy of chromosome 2 was observed in one case (patient 22). Four cases were detected by the technique, whereas the RNA concentration was zero according to the Qubit RNA HS Assay kit.
ROS1
LD-RT-PCR allowed detection of a translocation of ROS1 in 64% (nine cases). Hence, the sensitivity of our technique for the detection of ROS1 translocation was 64% (CI 95% (39-84%)), and the specificity was 100%. In eight samples, transcripts involved exon 34 of ROS and exon 6 of the partner gene CD74 (ROSe34-CD74e6 translocation). Similarly to the ALK samples, four cases were detected by the technique, whereas the RNA concentration was zero according to the Qubit RNA HS Assay kit.
RET LD-RT-PCR allowed us to detect the translocation RETe12-KIF5Be15 in the only case (Table 6) .
DISCUSSION
This work enabled us to detect ALK, ROS1, or RET translocations in lung tumors using LD-RT-PCR, with a sensitivity of 64% (25 cases out of 39) and perfect specificity. The reason why we decided to exclude FISH-positive cases with rearranged nuclei between 15 and 20% was the high risk of a false positive result using this technique, 17 as we did not want to test LD-RT-PCR on these unsure 'positive' cases.
The main drawback of LD-RT-PCR is that the number of partner genes and break point is potentially very high and new partner genes are regularly identified, which would imply a regular update of our kit. Theoretically, it could contain up to 150 probes, 15 which means that the technique would be outdated quickly. Therefore, the 43-probe assay that we used did not contain all the potential partner genes, which certainly explains the relatively low sensitivity. An alternative explanation, maybe complementary to the first one, is that these rearranged genes are expressed at a very low level, regardless of their 'oncogenic addiction', leading to technical difficulties to detect RNA when using RNA-based methods. This hypothesis is consistent with the fact that, for instance, detection of the ALK rearranged protein in lung carcinoma requires a much more enhanced revelation system that in ALK: for example, the use of an amplification system (such as the Roche OptiView Amplification Kit) is recommended to detect an abnormal ALK expression in lung adenocarcinoma, whereas the ALK1 immunostaining used with a conventional detection system is usually sufficient to detect an abnormal expression in lymphomas. 18 However, the fact that LD-RT-PCR enabled us to detect four ALK-positive cases (Table 2) and four ROS-positive cases (Table 4) , whereas RNA concentration of these samples were very low according to the Qubit RNA HS Assay kit would suggest that the new technique requires only very few rearranged RNA molecules, and that the first explanation for non-detected cases is more robust. Similarly, it is unlikely that undetected cases were owing to low tumor cell content because some positive cases were paucicellular, whereas some negative cases contained a large proportion of tumor cells (Tables 2 and 4) .
What role could LD-RT-PCR play in routine diagnosis? In 2015, Lantuejoul et al 14 recommended performing a second (Figure 3 ). FISH would be performed only in case of discordance between IHC and LD-RT-PCR results because this assay is not able to detect all translocations and therefore only has significance if positive.
